Abstract: Tunable terahertz (THz) angular/frequency filters in the modified Kretschmann-Raether configuration with the insertion of single-layer graphene have been numerically demonstrated. Due to the excitation of the transverse magnetic (TM) polarized surface plasmons at the interface of two dielectrics with the insertion of the graphene sheet, the transmission resonance occurs at some range incident angles and frequencies in the THz frequency range, which can be adopted for designing the angular/ frequency filters. It is shown that the resonant angle and the resonant wavelength can be tuned by varying the Fermi energy of the graphene sheets via electrostatic biasing. Moreover, we show that the resonant behaviors can be engineered by changing the gap thickness or the incident angle.
Introduction
Graphene is a 2-D material with the carbon structure only one atom thick, which has rich optical and electronic properties, including ultrahigh electron mobility, zero band-gap, and ultrafast relaxation time for photo-excited carriers. It has attracted enormous interest in recent decade [1] , [2] . All kinds of novel photonic and optoelectronic applications have been presented, such as optical modulator [3] , broadband polarizer [4] , transformation optics [5] , critically coupled resonance structure [6] , and optical bistability [7] . More importantly, the conductivity properties of graphene can be tuned simply by adjusting the gate voltage, and this could provide an effective route to achieving electrical tunable plasmons [8] , surface Bloch waves [9] , and bandgap [10] , etc.
It is well known that the graphene can support surface plasmon polaritons (SPPs) for both TE-and TM-modes, unlike the common metal only supporting the TM-polarized surface wave [11] - [13] . The versatile graphene SPPs have great application potential in plasmonic device. The combination of graphene with SPPs could result in fast, relatively cheap, and small active optical elements and nanodevices. Because of this, the light absorption can be enhanced, and even the complete absorption with respect to the incident angle in the nano-disk array graphene structure can be obtained due to the collective effect of graphene SPPs [14] , [15] , the sensitivity of the biosensor can be boosted up dramatically by adding a few graphene layers onto the conventional gold-film SPR biosensor [16] , and a combination of graphene with plasmonic nanostructures makes it possible to enhance the photovoltage by a factor of 15-20 without compromising the operational speed of a graphene photodetector [17] , etc.
Traditional spatial (angular) filtering is an optical device which uses the principles of Fourier optics to alter the structure of a beam of coherent light or other electromagnetic radiation, which has been applied to image enhancement and information processing [18] - [20] . However, this spatial (angular) filtering system has several obvious deficiencies, such as relatively large size; high sensitivity to alignment; and the absence of efficient focusing lenses in THz, infrared, and ultraviolet frequencies [21] . To overcome these obstacles, a variety of new-type slab spatial (angular) filters have been proposed, which are based on the use of indefinite media [20] , resonant-grating systems [22] , [23] , multilayer stacks combined with a prism [24] , interference patterns [25] , one-dimensional graded-index lattices with defects [26] , and 2-D photonic crystals [21] , [27] , [28] . Besides, it is known that the active and tunable angular filtering is intrinsically important for the applications in the optical devices. However, very few methods have been put forward to make the angular filtering tunable. For instance, Rizza et al. theoretically considered the terahertz active angular filtering through optically tunable hyperbolic metamaterials [29] .
In this paper, we find that the graphene SPPs can be utilized to realize the tunable THz angular/frequency filters. It is found that the angle/frequency-selected range and the width of the resonance angle/frequency can be electrically controlled by changing electrical or chemical modification of the charge carrier density of the graphene. Moreover, we also point out that the optical response of these angular/frequency filters depends on the gap width of the configuration. Therefore, electrical tunability of angular/frequency filtering from this simple multilayered structure could potentially open a new possibility of spatial spectrum analysis, matched filtering, radar data processing, biomedical applications, and other optical devices in information processing and image enhancement.
Model and Method
The Kretschmann-Raether (KR) geometry is employed here to match the wavevector of the incident light to that of the SPPs, however the metal in the KR configuration is replaced by the dielectric-graphene-dielectric heterostructure, hence we call it as modified KR configuration, as shown in Fig. 1 . It is consisted by four-layer dielectrics, where dielectric A with permittivity " a and dielectric B with permittivity " b are two materials with high dielectric constants, and the dielectrics 1 ð" 1 Þ and 2 ð" 2 Þ with low dielectric constants are inserted between dielectrics A and B. Without considering the external magnetic field and under the random-phase approximation, the isotropic surface conductivity of graphene in the terahertz frequencies is dominated by the intraband transitions [30] 
where ! is the angular frequency of the incident light, E F is the Fermi energy, is the electron-phonon relaxation time, and e and h are the universal constants related to the electron charge and reduced Planck's constant, respectively. The Fermi energy E F ¼ h F ðn 2D Þ 1=2 can be electrically controlled by an applied gate voltage due to the strong dependence of the carrier density n 2D on the gate voltage, where F ¼ 10 6 m/s is the Fermi velocity of electrons. Obviously, intra is highly dependent on the work frequency and Fermi energy, which could provide an effective route to achieve an electrically controlled angular/frequency filtering phenomenon.
We use the modified transfer matrix method to calculate the transmission, reflection and absorption coefficients [31] . Different from the transmission matrix at the interface of the conventional materials, the transmission matrix at the interface of dielectric-graphene-dielectric should be modified as
for the TM-polarized, where
; k 0 ¼ !=c; ! and are the angular frequency and incident angle of incident light, respectively; and 0 is the permittivity in the vacuum. For the TE-polarized, the transmission matrix is
with the parameters s ¼ k 2z =k 1z and & p ¼ 0 !=k 1z , where 0 is the permeability in the vacuum.
Since the transmission matrix is closely related to the properties of graphene sheet, it depends on the Fermi energy, and as a result, the transmission, reflection, and absorption of the modified KR configuration could be tuned by changing the Fermi energy of the graphene sheets. In the next numerical calculation, in order to simplify we assume that the refractive index of dielectrics A and B are equal (n a ¼ n b ¼ 3:84), and dielectrics 1 and 2 are vacuum (" 1 ¼ " 2 ¼ 1), hence the graphene sheet is suspended in the air and can be moved from left to right. In fact, we can use the dielectrics with high permittivity, such as, SiO 2 , as the dielectrics 1 and 2 for electrically controlled tunability by the applied gate voltage on graphene.
Results and Discussions
It is well known that graphene can support both polarized surface plasmons at the interface of two dielectrics with graphene sheet covered between them [11] . Recently, gate-tuning of graphene plasmons and their applications for Terahertz to Mid-Infrared frequencies have been discussed and confirmed by experiments [32] - [34] . For TM polarization, since we know that SPPs occur only when the imaginary part of the conductivity is positive at the interface of two dielectrics, for TE polarization, SPPs occur only when the imaginary part of the conductivity is negative. Hence, SPPs cannot exist at the same frequency for both polarizations. In the THz frequencies range, the conductivity of graphene is dominated by the Drude contribution (intraband term), and in the present paper we only discuss the SPPs and angular/frequency filters for TM polarization. Except where otherwise stated, we have supposed that the losses in the graphene À1 ¼ 1:0 THz to simplify the discussion. In the absence of the graphene sheet and hence lacking of SPPs in the KR configuration (see Fig. 1 ), there is only one dip in the angle-dependent reflectance, as shown in Fig. 2 . Due to the neglect of the loss in the dielectrics, the transmittance reaches to the peak (100%), and so-called the Brewster angle ( B ) appears near ¼ 14: 6 . Nevertheless, when the single-layer graphene is introduced into the gap, there is a second reflectance dip at the larger angle. This reflectance dip is deep and narrow, and it is excited by SPPs at the interface of the dielectricgraphene-dielectric. We find that the transmittance can reach to 100% in the absence of the loss in graphene sheet. However, the real part of graphene conductivity cannot be ignored, so that the transmittance cannot reach to 100% (90%), and the absorption has reached almost 10%. It is clear that this angle-dependent transmittance can be used to design the angular filters in the terahertz frequencies range.
Another advantage of our angular filtering is the tunable angle-selected range by changing the Fermi energy, as shown in Fig. 3 . When we decrease the Fermi energy E F , the angle of the first transmittance peak is nearly unmoved, which indicates that the introduction of the graphene sheet makes a very small impact on the transmittance near the Brewster angle; however, the second transmittance peak becomes smaller and smaller and the resonant angle moves to the larger angle side. For E F ¼ 1:8 eV, the angle of the second transmittance peak is ¼ 43:15 ; however for E F ¼ 1:0 eV, the peak angle is ¼ 72:74
. This property suggests that the angle of the second transmittance peak can be engineered by the Fermi energy of the graphene sheets. Therefore, our modified KR structure with graphene has the potential to achieve tunable spatial filtering in a fixed configuration.
Besides the influence of the Fermi energy applied to graphene sheet on the resonant behavior, the peak angle and angle-selected range can also be engineered by changing the gap thick- Fig. 4 , we have shown the dependence of the transmittance on the gap thicknesses. It is found that the increasing gap thicknesses shift the second transmittance peak to a smaller angle, and both transmittances become narrow, but decreasing gap thicknesses move the second transmittance peak to a larger angle, and both transmittances are broadened.
Next, we consider the frequency filters of the modified KR structure, as shown in Fig. 5 . We only discuss the second transmittance peak, and let ¼ 31:61 . Obviously, this modified KR structure can support THz frequency filtering at some angle ranges due to the excitation of SPPs, and yet the frequency filtering phenomenon cannot occur if the graphene sheet is not considered where SPPs are not supported. Furthermore, the bandwidth of frequency filtering is widened and the full width at half maximum (FWHM) is about 2.5 m (from 29 m to 31.5 m) for d ¼ 4 m. The peak frequency and frequency range of this frequency filtering can be tuned by changing the Fermi energy or the gap thickness, as shown in Fig. 5(a) and (b) . As the gap thickness increases, the peak frequency shifts to a shorter wavelength, and the bandwidth becomes narrow and the reflectance dip get smaller and smaller. Therefore, our modified KR configuration structure with graphene also has the potential to achieve tunable frequency filtering only by controlling the gap between the upper and lower high-permittivity dielectrics.
In addition to the sensitivity of the gap thickness to the transmittance peak, we find that the reflectance and transmittance peak are also sensitive to the incident angle due to the dependence of the TM-polarized surface wave on the incident angle, as shown in Fig. 6(a) and (b) . It is demonstrated that the increasing of the incident angles leads to the blueshift of the transmittance peak and the narrowing of the frequency filtering, and the decreasing of the incident angles bring about the redshift of the transmittance peak and the widening of the frequency filtering. Moreover, both the transmittance and reflectance peaks get increasingly smaller with the increased incident angle, which also implies that the absorption can be enhanced by optimizing the incident angle.
As we know, the contribution of interband optical transition give rise to the negative imaginary part of inter , which supports the conditions for TE mode existence when graphene is not doped ( h!=2 9 jE F j) [35] . However, we find that there is no resonance point of the reflectance of TE-polarized wave, this behavior contrasts with the case of TM-polarized waves, where sharp SPP-related resonances occur. Hence, TE-polarized waves in graphene are not put forward to realize the tunable THz angular/frequency filters in our configuration. Moreover, it is found that the optical conductivity of graphene has the characteristic behavior of the magneto-optical effect, and the giant Faraday rotation in graphene has been identified [36] , [37] . Magneto-optical conductivity of graphene is a function of magnetic field for various values of the chemical potential EF, hence it will have an effect on the transmission resonance, including the resonant angle and frequency. However, the main properties of tunable THz angular/frequency filters in our configuration do not change.
Conclusion
In conclusion, we have presented a graphene-based modified Kretschmann-Raether (KR) configuration as the basis to realize the angular/frequency filtering phenomenon in the terahertz frequency regime and discussed the controllable properties of this phenomenon. It is found that the angular/frequency filtering is dependent on the optical properties of graphene sheet and the gap thickness of the modified KR configuration, and the resonant angle/frequency and the angle/frequency-selected range can be tuned by changing the Fermi energy applied on the graphene sheets. Moreover, we discuss the broadband frequency filtering behavior. We believe that the controllable angular and frequency filtering phenomenon at the terahertz frequencies could have potential applications in terahertz communications.
